Aims-To describe the variation of the phenotype within families with several individuals with Bardet-Biedl syndrome. Methods-The phenotypes of aVected siblings in 11 Scandinavian families were compared with two or more members who had at least three of the features: retinal dystrophy, polydactyly, obesity, hypogenitalism, and mental retardation. Individuals without retinal dystrophy were excluded. Results-Intrafamilial variation of expressivity of the features obesity, polydactyly, abnormal radiograms of the extremities, hypogenitalism, short stature, paraplegia, and dental abnormalities was found. The retinal dystrophy varied with respect to both the onset of symptoms and the course of the disease. The morphology of the fundus, however, was consistent within the families. The disorder showed statistically significant genetic linkage to the BBS4 locus on chromosome 15 in the aVected siblings in two of the families, but the clinical features in these patients did not diVer from the other cases of Bardet-Biedl syndrome. Conclusion-Comparison of siblings with the Bardet-Biedl syndrome showed variation of the typical features. In addition, the course of retinal dystrophy varied. No distinctive clinical features were found to separate the BBS4 phenotype from the remaining patients. (Br J Ophthalmol 1997;81:378-385) 
The diagnosis of syndromes is still mainly based on careful clinical examination. The occurrence of identical cases within a family further demonstrates the existence of a nosological entity.
The history of the delineation of BardetBiedl syndrome (BBS) is complex.
Solis-Cohen and Weiss 1 compared their observations with those of Laurence and Moon 2 and Biedl, 3 and defined the LaurenceBiedl syndrome with the main features retinitis pigmentosa, obesity, hypogenitalism, poly/ brachydactyly, and mental retardation ( Table  1 ). The name of Bardet, 4 who described three similar cases in 1920, was later added to the syndrome. Hutchinson, 5 however, re-examined the patients described by Laurence and Moon and found neurological symptoms in three out of the four siblings. These cases were, therefore, considered distinct from the cases of Bardet and Biedl 6 and the syndrome was accordingly separated into the Laurence-Moon and Bardet-Biedl syndrome. Later Alström and coworkers described diabetes mellitus and nerve deafness together with retinal dystrophy, obesity, and hypogonadism in three members of two related families. 7 This new clinical entity was later called Alström syndrome.
It has thus been customary to delineate patients with retinal dystrophy, obesity, and hypogenitalism into the Laurence-Moon, Bardet-Biedl, and Alström syndromes. The phenotypes generally taken to identify each are presented in Table 2 .
Meanwhile, many of these patients have shown considerable variation of the clinical expression. [8] [9] [10] [11] [12] [13] [14] [15] Recent molecular genetic studies have shown that patients identified with the BBS had genetic disorders mapped to four diVerent chromosomes. [16] [17] [18] [19] The gene loci have been termed BBS1, BBS2, BBS3, and BBS4.
The purpose of this report is to evaluate the precision of the clinical definition of BBS by comparing the phenotypes in siblings who had retinal dystrophy plus at least two more of the remaining traditional cardinal signs of BBS: obesity, polydactyly, hypogenitalism, and mental retardation.
Since the disorder in four patients from two of the families was mapped to the BBS4 locus on chromosome 15, we separately describe the phenotype in each of these individuals.
Materials and methods
A total of 44 Scandinavian individuals were defined as having BBS if they had retinal dystrophy plus at least two more of the remaining traditional cardinal signs of the syndrome (obesity, polydactyly, hypogenitalism, and mental retardation) ( Table 2 ). Among them were 11 families (four Danish, two Swedish, and five Norwegian) with two or more aVected siblings. We accepted two signs as suYcient for diagnosis if a sibling had three of the cardinal signs. Retinal dystrophy was considered an obligatory finding 20 ; consequently, individuals without this sign were excluded.
The present study comprises 25 aVected people: 16 males and nine females with a mean age of 24.8 years (SD 11.4, range 3-39). Consanguinity was present in three of the families (Fig 1) . Families V, VII, X, and XI are Danish; families II, IV, VI, VIII, and IX Norwegian; and I and III Swedish (Fig 1) .
The individuals were located and contacted through the Swedish and Danish RP registers and the Norwegian LMBB Association and invited to participate in a 1 day outpatient examination by specialists in ophthalmology (R R and K T), electrophysiology (S A), and dentistry (M K B) at the University Eye Clinic in Lund, Sweden.
The data were obtained by information from the patients, their relatives, doctors, hospital and school records, and the present clinical investigation.
The ophthalmic examination comprised assessment of best corrected visual acuity and cycloplegic retinoscopy. The refraction was expressed in spherical equivalents by adding one half the cylindrical correction to the spherical. The anterior segment was studied by slit-lamp examination. Direct and indirect ophthalmoscopy was supplemented by fundus photographs. Electroretinograms 21 were obtained in all individuals except two, who refused to participate. The course of the retinal dystrophy was studied prospectively in six aVected children from three of the families.
The ages for walking and speaking were taken as an indication of psychomotor development during childhood. An estimate of the mental status was based on intelligence tests from earlier records and the level of school and social performance. Further statements of the mental status were only made in cases with evident mental retardation.
The general systemic examination comprised measurements of height and weight. The presence of ataxia and paraplegia was estimated by inspection of the gait and by finger to nose test. The penis was evaluated by inspection of the phallus in six cases, while the remaining males or their relatives were questioned about the size. Hypogenitalism in men was defined as a penis less than 3-4 cm in prepubertal boys and less than 9 cm in adults 22 and/or retention of testes. Previous presence of polydactyly was confirmed by inspection of the surgical scars supplemented by radiograms. 23 The teeth were examined clinically and radiographically. 24 DNA was purified for genetic linkage mapping by the methods described elsewhere 25 and white blood cells were analysed for chromosome abnormalities. In addition, serum creatinine and testosterone (in eight males) were measured.
Parents and patients were questioned about onset of visual problems, renal disease, diabetes mellitus, and deafness.
The study was approved by the ethics committees in Denmark, Norway, and Sweden and the patients participated in the study after receiving written and verbal information.
Results

OCULAR FINDINGS
Retinal dystrophy was diagnosed in all cases in accordance with the allocation criteria to the study.
The age for the first sign of night blindness was on average 4.6 years (N 25, SD 3.9, range 0-16) with a maximum intrafamilial variation of plus or minus 6 years. The age for the first sign of visual impairment during daytime was 6.6 years (N 24, SD 3.8, range 0-16) with an intrafamilial variation of plus or minus 14 years. In family XI all aVected siblings reported loss of central vision before or simultaneously with loss of their night vision. In family VII, one sibling showed signs of visual impairment and night blindness simultaneously at the age of 1, another lost night vision at the age of 5 and became visually impaired at the age of 15, and the third was visually impaired at 5 while night blindness presented itself at the age of 7 ( Table 3) .
The rate of decline of visual acuity (Fig 2) is illustrated by a 9 year prospective study of six aVected children from families II, IV, and VIII with intrafamilial variation of expressivity for family IV.
In families II, IV, VII, and IX myopia was observed in all aVected members (definition of myopia: spherical equivalent below −0.5 D), while hypermetropia, myopia, and emmetropia were represented within the families X and XI (Table 3) .
By examination of the fundus we noted variation of the amount and shape of the pigments and the amount of retinal and choroidal atrophy between but not within the families, when age was taken into consideration (Figs 3 and 4) ( Table 3 ). Full field electroretinogram recordings showed no rod responses to dim blue light in any of the patients, but with a narrow band technique and computer averaging, residual cone responses could be measured in at least one eye in 15 of the individuals. 21 No intrafamilial variation of the electroretinograms was noted (Fig 5) .
PSYCHOMOTOR DEVELOPMENT AND
INTELLIGENCE
Three individuals from three diVerent families did not walk at the age of 3 years and/or did not talk at 4 years of age. One person suVered from perinatal asphyxia and spastic tetraplegia and had no spoken language at the time of examination-that is, when he was 7 years old.
Nine members of families V, VII, X, and XI had been classified as mentally retarded by intelligence tests at school, but the adult social performance of the patients in families VII, X, and XI did not confirm this classification. Generally, it was our impression that the majority of the 25 individuals functioned within the normal range of intelligence with no obvious diVerences between the aVected siblings. In family IV both patients attended standard Scandinavian high schools. The male in family I worked in a computer company and one of the patients in family IX worked at the switchboard in a hospital (Table 4) .
HEIGHT, WEIGHT, AND BODY MASS INDEX
Height was below the 2.5 percentile in one member of family V and one of family X (Table 4) .
Obesity, defined by a body mass index (BMI) >28 kg/m 2 , was found in 22 of the 25 cases. The three individuals with normal weight were members of families VII and X (Table 4) .
HANDS AND FEET
Twenty individuals had polydactyly at birth (Fig 6) . The remaining five individuals without polydactyly belonged to families I, III, V, VIII, and XI (Table 4) . 
Figure 4 Ocular fundus of two siblings with BBS (family I) with typical bone spicules (blurred because of cataract).
Figure 5 Full field electroretinograms from three aVected siblings (family XI)
. 21 No rod responses to dim blue light could be obtained. The cone flicker amplitude was less than 0.8 µV, which is a severely reduced or non-detectable response even with a bandpass filter. The small diVerences in the amplitudes are not significant.
Radiographical findings of hands and feet comprising short and broad metacarpals and phalanges, clinodactyly, or exostoses were found in all families. 23 However, in families III and VII we documented cases with and without radiographical abnormalities (Table  4) . No specific family pattern was found.
KIDNEYS AND URINARY PATHWAYS
In family XI all three siblings had gout. One member of families III, V, X, and XI had either a congenital anomaly or reduced function of kidneys (Table 4) verified by radiographical examination or increased serum creatinine, respectively.
NEUROLOGICAL FINDINGS
One of the siblings in family IX had episodes of paresis of his lower extremities caused by spinal stenosis, while his aVected brother had no history of paresis. Both had obesity, hypogenitalism, polydactyly, and retinal dystrophy (Table 4) .
GENITALIA
Thirteen of the 16 males had a small penis (Fig  7) . Of these, seven had undescended testes and two had cryptorchism with a normal penis. Testosterone was reduced in the three brothers in family XI and was normal in the adult males in families I, VII, IX, and X. All the adult women had irregular menstrual periods. The female in family VII had given birth to a child; her aVected brothers had a normal penis but one had cryptorchism. The woman in family V was reported to have small genitalia and moderate hirsutism (Table 4) .
TEETH
Examination of the teeth showed higher frequencies of small teeth, hypodontia (congenitally missing teeth), and short roots. 24 In family VII hypodontia was found in both aVected males (Fig 8) but not in the aVected sister. In families V and XI we also found aVected siblings with and without dental anomalies (Table 4) . Retinal dystophy  2  2  2  2  2  2  3  2  2  3  3  Obesity  2  2  2  2  2  2  1  2  2  2  3  Hypogenitalism  1  1  2  1  2  1  1  0  2  2  3  Polydactyly  1  2  1  2  1  2  3  1  2  3  2  Abnormal radiograms of  extremities  2  2  1  1 −  2  2  2  2 
Figure 8 Hypodontia (congenitally missing teeth) in one of the aVected males in family VII. The aVected sister had no dental anomalies.
HEARING IMPAIRMENT Both siblings in family V had perceptive hearing loss and indications of type 2 diabetes with marginal glucose tolerance test, increased proinsulin, and HbA 1c in serum. The female had polydactyly. Both had retinal dystrophy with photophobia from the age of 2 years, night blindness at 4-5 years, and visual impairment from the age of 6-8 years. They were mentally retarded, obese, and had hypogenitalism (Table 4) . One member of family IX had a non-perceptive hearing impairment in one ear.
DIABETES MELLITUS
The two siblings in family V with hearing impairment and the female sibling in family X had impaired glucose tolerance. The latter had normal hearing.
OTHER PATHOLOGICAL CONDITIONS
One of each of the following additional disorders was registered in diVerent patients: adenoma of the pituitary, clubfoot, anal cyst, cerebral stroke, and cancer of the testis.
GENETIC LINKAGE MAPPING AND CHROMOSOME
ANALYSIS
The present families are included in a larger study of linkage mapping in 29 BBS families. Table 5 . No linkage was found in any of the families to the BBS locus on chromosome 3 (BBS3). Statistical significance of genetic linkage (lod score 3 or more) was found to the BBS4 locus on chromosome 15 in the patients from family VIII and family IX. The clinical findings in each of these four patients are shown in Table  6 . Probable evidence of linkage to the BBS4 locus was found for families III and X. The results for the remaining individual families were not informative.
High resolution chromosome analysis showed no abnormalities.
Discussion
Studies on recessive diseases in Scandinavia are constrained by low consanguinity rate and small number of children, which prevents statistical significance of the clinical and genetic results for each family. On the other hand the small and well defined Scandinavian populations facilitate follow up studies. Our study of 11 BBS families with two to three aVected members is, to our knowledge, the largest seen by the same investigators.
The study describes the intrafamilial variation of the phenotype of the BBS by comparison of the aVected siblings within each of these families.
It is our impression, that the individuals included in our study are representative of those patients who are diagnosed clinically. Like other authors 17 we required three of the traditional cardinal signs (retinal dystrophy, obesity, polydactyly, hypogenitalism, mental retardation) for inclusion in the study, since hypogenitalism is mainly diagnosed in men and mental retardation has been questioned as being a cardinal sign. 11 We accepted the statement by Schachat and Maumenee, 20 that retinal dystrophy is always present in patients with BBS. All aVected siblings had an abnormal ERG, while no signs of BBS were reported in the normal siblings. All the patients were diagnosed as BBS cases although overlapping to Laurence-Moon and Alström syndromes (or the closely related Edwards syndrome 26 ) was observed. Overlapping to Laurence-Moon and Alström syndromes has been described in other BBS studies. 13-15 27 The comparison of BBS siblings in our study showed intrafamilial variation for expressivity of obesity, skeletal anomalies of the extremities, hypogenitalism, short stature, paraplegia, dental abnormalities, and for the course of the retinal dystrophy. The clinical heterogeneity is more widespread within our BBS families than is reported by other authors 11 who, however, described intrafamilial variation of mental retardation. In our study a low score by the intelligence test at school was not in accordance with the level of social performance later in life in the patients from families VII, X, and XI, who all became self supporting. This change with age of the mental status in BBS individuals has also been noted by other authors. 9 Our results on mental retardation must therefore be interpreted with caution and no statement on intrafamilial variation can be made.
We found variation of the time for onset of ocular symptoms and of the course of the retinal disease. The time for onset of the symptoms of the retinal dystrophy was precisely reported and was noted when the child missed its toys in dimmed light or was unable to play in dark places. The variation found in the families IV, VI, VII, VIII, and X ( Table 2) was therefore based upon precise information mainly from the parents. In the family VII, for example, one sibling became simultaneously night blind and visually impaired during daytime, while another sibling had visual problems in daylight first and became night blind later, and the third had developed the symptoms in reverse order (Table 2) . Such a variation of the onset of the symptoms of retinal dystrophy is, to our knowledge, noted for the first time.
The course of retinal dystrophy, illustrated by the rate of decline of visual acuity, varied in the two siblings in family IV (Fig 2) . We found no variation of the fundus picture within families; however, clinically disparate phenotypes within the same family have been observed in patients with retinal dystrophy, who had a deletion in the peripherin/RDS gene. 28 Intrafamilial variation of expressivity of clinical signs has also been described in the Cohen syndrome, 29 which is closely related to BBS.
The result of genetic linkage mapping in each our 11 families was statistically significant for linkage to the BBS4 locus on chromosome 15 in two of the families and thus confirms earlier findings. 17 Other authors have mapped BBS families to loci on chromosomes 3 (BBS2), 18 11 (BBS1), 16 26, and 16 (BBS3), 19 25 and have indicated that even more genetic loci exist. 25 The clinical findings in our chromosome 15 patients varied for nearly all aspects of the disorder. The polydactyly was localised to the foot or totally absent in family VIII and to the hand in family IX. The obesity was morbid in family VIII but was just beyond the normal (BMI 28) in family IX. We can therefore not confirm the results of Carmi and coworkers, 30 who suggested that mutations at the BBS4 locus result in post axial polydactyly predominantly of the upper limbs. Dental anomalies and brachydactyly were common findings, but these features are generally noted in BBS patients, 11 24 and therefore do not contribute to the clinical characterisation of the chromosome 15 type.
The Bardet-Biedl syndrome has proved to be more clinically and genetically heterogeneous than earlier expected. No clinical features were found in our patients that could serve to distinguish the chromosome 15 linked families from the remaining material, and no clinical distinctions have been described for families linked to the other BBS loci. Leppert and coworkers 16 did not find any specific trait or subset of traits that could distinguish the subset of families with positive lod scores to chromosome 11 from the set with negative lod scores. Bruford and coworkers 25 found no clinical distinctions between BBS1, BBS2, and BBS4 linked families in their material of 29 BBS families and suggested that the findings of Carmi and coworkers 30 could relate more to specific mutations or to the inbred genetic background of their patients than to the BBS locus itself.
How can aVected siblings, even within the same BBS family who must share the same mutation, show such a variation in phenotypes? Age or sex alone does not appear to explain the variation. However, inheritance of diVerent alleles of other genes may either alleviate or aggravate the expression of the disease if the product of these, currently unknown, genes interacts with the disease genes of BBS.
The mechanism of the clinical and genetic diversity in BBS patients is not yet known. Further careful clinical and genetic studies of BBS families with several aVected individuals can contribute to a better understanding of this complex disorder.
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